rotary axis and the linear axis in a 5-axis machine [Hasegawa et al., 2017] .
As for the ISO standards, ISO 10791-4 standardizes the positioning accuracy of the linear axes and rotary axes [ISO, 1998] . ISO 10791-6 standardizes the accuracy of speed and interpolation and also standardizes the test conditions for evaluating the accuracy of rotary axes using a ball bar [ISO, 2014] . ISO 10791-8 standardizes the test conditions for evaluating the contouring performance in the three coordinate planes at machining centers. These all specify the method for conducting an accuracy test [ISO, 2001 ].
As described above, there are a lot of researches to evaluate the accuracy (error) and speed. But, conventionally, the accuracy (error) and speed are evaluated separately. However, as described above, both high-speed and high-accuracy performance are dependent on the relation between speed and accuracy, and there is a trade-off relationship between speed and accuracy (error). Therefore, it is considered to be necessary to evaluate both at the same time. Note that high speed and high accuracy represent the speed and accuracy performance at the speed and accuracy at which the CNC machine tool moves with respect to the target trajectory. Accuracy is defined as the degree of smallness of the difference between the target trajectory and the actual trajectory, which is the actual movement trajectory. However, the CNC method for controlling interpolation and speed (acceleration/deceleration) greatly influences the speed and accuracy of the machine tool. And, since the CNC method for controlling interpolation and speed is a black box based on processing unique to each CNC manufacturer, it is difficult to examine or model the algorithm built into it.
Therefore, Otsuki et al. proposed a method for evaluating the high-speed and high-accuracy performance in the two dimensions of speed and error based on the actual trajectory with respect to the two orthogonal linear axes of CNC machine tools . The contents will be explained in Chapter 2, Chapter 3 (3.1, 3.3.1), and Chapter 4 (4.1, 4.2) in this document.
In this research, furthermore, a method is proposed in which a cylindrical surface with a rotary axis and a linear axis and an expanded plane thereof are introduced to govern a combination movement of a rotary axis and a linear axis. Trajectories of polygons are commanded on the expanded plane, motor encoder positions are extracted, and the actual trajectory is obtained by transferring them to the expanded plane in order to evaluate high-speed and high-accuracy performance in the two dimensions of speed and error by obtaining error as the difference between the commanded trajectory and the actual trajectory on the expanded plane. With experiments, we also quantitatively evaluate the highspeed and high-accuracy performance of multiple CNC machine tools using two-dimensional representation with graphs of actual speed and maximum error for the combination of a rotary axis and a linear axis. Experimental results show that the high speed and high accuracy performance of the combined movement of the rotary axis and linear axis of the CNC machine tools can be easily evaluated and compared.
Acceleration/deceleration, interpolation, and error
Fig. 1 schematically shows the elements related to the speed and error from the program command for CNC to the movement of a machine tool. Among these factors, the elements in CNC enclosed by the thick frames are explained with reference to Fig. 2 [Matsubara, 2008 , Mizuno et al., 2003 .
(1) Look-ahead By looking ahead of the program command from the position where the CNC is currently executing, the CNC analyzes what kind of path is commanded. The CNC analyzes whether a corner or an arc is commanded and analyzes the angle if a corner is commanded, the curvature if an arc is commanded, etc. For example, Fig. 2 (b) indicates that the commands ahead of the currently executing position were analyzed to be commands with a 90-degree corner.
(2) Acceleration/deceleration before interpolation (ABI)
Based on the look-ahead analysis, the ABI is performed. Fig. 2 (a) shows the creation of tangential speed (movement amount per unit time, Δs1, Δs2,,,) to be decelerated with respect to the corner analyzed by the look-ahead. Here, the speed reduction occurs due to the deceleration, as shown in Fig. 1 
. (3) Interpolation
As shown in Fig. 2 (b) , the interpolation calculates the positions corresponding to the speed created by the ABI. That is, it obtains positions P(s1), P(s2),,, corresponding to the movement amounts s1, s2,,, accumulated at the ABI of Δs1, Δs2 on the commanded path. Since the positions are obtained on the commanded path, no error with respect to the commanded path is observed in the ABI or the interpolation. The AAI is calculated for the speed (movement amount per unit time) of each axis obtained from the interpolated position. The AAI is a filter [Matsubara, 2008] . The red arrow in Fig. 2 (c) shows the axis speeds created by the AAI. As a result, the actual trajectory becomes the inner circling trajectory of the red arrow shown in Fig. 2 (d) , and inner errors occur. After that, as shown in Fig. 1 , errors due to motor control, errors generated by the machine tool, etc., are added, resulting in the contouring error of the CNC machine tool.
Here, if sufficient deceleration occurs in the ABI, the error due to the AAI can be reduced, and the errors after that are also generally reduced. However, the machining speed drops. Conversely, if the ABI brings about insufficient deceleration, the machining speed will be increased, but the error due to the AAI will be large. Shocks will be generated in the machine tool, and generally the subsequent errors will also increase. In this way, there is a trade-off relationship between the speed and the accuracy. Among steps (1) to (4), step (2), ABI, is a process unique to each CNC manufacturer, and its detailed contents are not disclosed. That is, it is a black box, and it is difficult to examine or model its algorithm [Yamazaki et al., 2000] .
Proposed method to evaluate high-speed and high-accuracy performance 3.1 Speed and error two-dimensional representation
As mentioned in section 1, although there have been reports on the improvement of the accuracy or speed control, almost no papers have evaluated the high-speed and high-accuracy performance of CNC machine tools from the view point of the speed and the accuracy at the same time. As mentioned above, the ABI greatly influences the high-speed and high-accuracy performance of a CNC machine tool, but the ABI is a black box. Therefore, in this research, the CNC machine tool is moved, its movement is measured as the actual trajectory, and the high-speed and high-accuracy performance are evaluated based on the actual speed and the error at the same time. For example, even if a movement is commanded with a feedrate of F10000 (mm/min), 10000 mm/min will not be realized due to the ABI. Fig. 3 schematically indicates the high-speed and high-accuracy performance by representing the error (maximum error) and the speed (actual speed) as two-dimensional coordinates. Therefore, these two-dimensional coordinates show that the speed and accuracy performance are higher when represented in the lower right, and they are lower when represented in the upper left. Regarding the actual trajectory, as shown in Fig. 4 , in the case of two orthogonal linear axes, the commanded trajectory is commanded on the Plate plane of the cross-grid encoder and the actual trajectory is obtained from the Head. The actual speed Vm is obtained as Tm Lc Vm /  from the length Lc of the commanded trajectory and the measured time Tm. That is, it is the actual average speed. The error is obtained as the maximum error Emax between the actual trajectory and the reference trajectory by the ID method . And, as shown in Fig. 3 , a position (Vm, Emax) is plotted. 
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Cylindrical surface is cut open to the expanded plane.
X-axis
Cs-axis (mm) movement on the cylindrical surface by the rotary axis is expanded on the expanded plane. As shown in the figure on the right, simultaneous contour movement of the rotary axis and the linear axis is performed according to the commanded trajectory on the expanded plane, and the actual trajectory is also transferred onto the cylindrical surface and expanded on the expanded plane. As a result, as in the case of the two orthogonal linear axes, an error is obtained as the difference between the reference trajectory (the commanded trajectory) and the actual trajectory on the expanded plane for the simultaneous movement of the rotary axis and the linear axis. Then, we evaluate the high-speed and high-accuracy performance in the 2D graph by speed and error. Collection of the actual trajectory is described in the next section. Here, in the left figure of Fig. 5 , B-90.0 is shown and the figure of the cylindrical surface focused on the C-axis and the X-axis is shown. As shown in Fig.  6 , the B-axis is -90 deg., because we assume a state where a cylindrical surface is machined with a tool oriented in the -Z direction in a vertical machining center.
Assuming that ΔCs (mm) is the amount of movement on the expanded plane due to the programmed incremental movement amount ΔCp (deg) of the rotary axis (C-axis), they are related as shown in Expression (1). Rc is the cylinder radius.
∆ = 180 ∆
Here, if the cylinder radius Rc = 57.296 mm, ΔCs = 1 (mm) with respect to ΔCp = 1 (deg), and movement of the rotary axis by 1 degree corresponds to 1 mm on the expanded plane. Since 1 mm and 1 deg are processed equally in the CNC system, it is considered that the movement of the linear axis and the movement of the rotary axis can be evaluated equally. As a result, in order to command the commanded feedrate Fp (mm / min) with respect to the incremental movement amounts ΔCs (mm) and ΔXp (mm) on the expanded plane, the incremental movement amounts ΔCp (deg) and ΔXp (mm) of the rotary axis and the linear axis and the commanded feedrate Fp (mm / min) are commanded to the rotary axis and the linear axis.
Actual trajectory obtained by transferring motor encoder positions of the rotary axis and linear axis to the expanded plane
Since the plate of the cross-grid encoder on the market is planar, the actual position of the rotary axis cannot be taken from the cross-grid encoder. Therefore, the motor encoder position is collected by a personal computer via CNC. As shown in Fig. 7 , the CNC outputs the commands (CMD) to the motor control of each axis to move each axis and obtains the motor encoder position (ECP). The motor encoder position is collected by the personal computer as the actual position. Then, the motor encoder position Cf (deg) of the rotary axis is transferred to the actual position Cg (mm) on the cylindrical surface and the expanded plane by Expression (2). However, since Rc = 57.296 mm, Cg (mm) = Cf (deg). Xf (mm) is the motor encoder position of the linear axis (X-axis). The actual position on the expanded plane is (Cf, Xf), and the sequence of this actual position is taken as the actual trajectory. The error is the difference between the command trajectory and the actual trajectory on the expanded plane. The evaluation of error is based on the ID method (the inward direction error calculation method) as in the case of the linear axes in the previous section. The actual speed is the average speed of the actual trajectory on the expanded plane.
= 180

Test case 3.3.1 Two orthogonal linear axes
Polygons are used as the test case; they are commanded using linear segment commands. As shown in Fig. 8 , the elements of the linear segment commands in a polygon are the linear segment length L and the direction change angle θ. When these two elements are independently changed and combined, a very large number of test cases is obtained. Therefore, as shown in Fig. 9 , combinations of L and θ are diagonally associated with each other, such as short L and small θ or long L and large θ. Combinations of short L and small θ are considered to be used more for machining dies, In this research, L was set to 0.614 mm -46.2 mm, and θ = 1.406 -135 degrees. In addition to cases (1) to (8) shown in Fig. 9, Fig. 10 shows the concrete commanded paths for these cases, including the circle circumscribing the polygons. These paths include the circle with a radius of 25 mm, denoted in (0), and the range from a polygon with 256 corners to the square and the star shape with 8 corners inscribed in it denoted by (1) to (8). The feedrate command is F10000. In  Fig. 10 , the program example of the case (5) for X-,Y-axes and C-, X-axes are shown. In the actual programs, the commands to activate ABI for each CNC or to position the starting point, etc. are also commanded.
Rotary axis and linear axis
In the case of a rotary axis and a linear axis, since a circle including the rotary axis cannot be commanded, the test case polygons (1) - (8), not including the circle in test case (0), shown in Fig. 10 are commanded on the expanded plane. The commanded feedrate is F10000 on the expanded plane. [Program example of (5) 
Experimental results
Cases with / without ABI of two orthogonal linear axes
The blue lines and the blue numbers in Fig. 11 show the results for cases of two orthogonal linear axes without ABI in which the B-machine (of three machines labelled A, B, and C) was used. The black lines and black numbers in Fig. 11 show the results for cases with ABI, which is the same as the B-machine in Fig. 12 described later. In this experiment, a G code was commanded to cancel the ABI. Each number is the number of a test case. In the case without ABI, the speed does not decrease (however, there are decreases in speed due to the AAI at the start and end of the movement). Instead, the error is shown to be very large. Therefore, it can be understood that the ABI is necessary to achieve high speed and high accuracy. In the following, the experiments were conducted under the conditions with ABI. Fig. 12 shows that there are differences in the high-speed and high-accuracy performance among different CNC machine tools. Fig. 12 shows the results of measurements done for the A-, B-, and C-machine tools, with the results for the A-machine shown with red lines and red numbers, those for the B-machine shown with black lines and black numbers, and those for the C-machine shown with green lines and green numbers. As in Fig. 11 , each number is the number of a test case. It can be seen that the error increases in cases (5) - (8) with the B-machine, and that the speed and accuracy performance of C-machine is higher in cases (0) -(2), (7), and (8) than A-machine because the positions of C-machine for those cases are lower righter than those of A-machine.
Evaluation and comparison of two orthogonal linear axes of multiple CNC machine tools
In Table 1 , the machine types and the movement ranges of those machines are shown, including D-machine and Emachine described later. As shown in Table 1 , C-machine is smallest among those machines, which we think is one reason for the good high-speed and high-accuracy performance. 
(1) (0) (8) (7) (6) (5) (4) Otsuki, Sasahara and Sato, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) Fig. 13 also shows the magnified error trajectory, the maximum error Emax, the tangential speed, and the actual speed (average speed) Vm for test case (4) (32 corners). It can be seen that errors occurred at each corner and that the deceleration / acceleration was repeated for each corner. The maximum error Emax usually occurs at the corner. Nine such sheets of test results are obtained for each test case.
However, it is difficult to comprehensively evaluate the high speed and high accuracy performance of those machine tools from these results. Therefore, by focusing on the actual speed and the maximum error as shown in Fig. 12 , it is possible to evaluate and compare the high speed and high accuracy performance of the two orthogonal linear axes of multiple CNC machine tools in one graph. For the tangential speed of test case (4) in Fig. 13 , acceleration toward the feedrate command of F10000 and deceleration toward the corner are repeated. Even in other test cases, deceleration and 
( 1) (2) (3) (4) (5) (6) (7) (8)
(1) (2)
(7) (8) Otsuki, Sasahara and Sato, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) acceleration are repeated with respect to the feedrate command of F10000 before and after the corner. Therefore, the F10000 command is considered to be valid in these polygonal test cases. 14 shows the measurement results on the C and X axes of the C-machine, D-machine, and E-machine. The green lines and green numbers on the C-machine, the red lines and red numbers on the D-machine, and the black lines and black numbers on the E-machine are shown. It is understood that the error is small but the speed is slow in (1) -(4), and the error becomes large in (8) on the E-machine. As a whole, it can be seen that the high-speed and high-accuracy performance of the C-machine and D-machine is better than E-machine, because the actual speeds of C-and D-machines are higher than those of E-machine and the maximum errors of C-and D-machines are less than that of E-machine . In Table 1 , the machine types and the movement ranges of those machines are shown. Fig. 15 also shows the magnified error trajectory, the maximum error Emax, the tangential speed, and the actual speed (average speed) Vm for test case (4) (32 corners). As with the two orthogonal linear axes, it can be seen that errors occurred at each corner, and that the deceleration / acceleration was repeated for each corner. On the E-machine, the speed was reduced to almost 0 at every corner, so the error was small but the speed was slow. Eight such test results were obtained for each test case.
However, it is difficult to comprehensively evaluate the high speed and high accuracy performance of these machines from these test results. Therefore, as for the combined movement of the rotary axis and the linear axis, by making a two-dimensional representation with a graph focusing on the actual speed and maximum error as shown in Fig. 14, the high-speed and high-accuracy performance of the rotary axis and linear axis of multiple CNC machine tools can be evaluated and compared in one graph. 
Conclusion
In this research, based on the actual trajectories of CNC machine tools, we proposed a method to evaluate the highspeed and high-accuracy performance of CNC machine tools using a two-dimensional representation of speed and error. Experiments were conducted in which the CNC machine tools were moved based on several test cases including linear segments in order to evaluate the speed and accuracy performance using the actual trajectory. As a result, the high-speed and high-accuracy performance of several CNC machine tools can be evaluated quantitatively and clearly using a twodimensional graph of the actual speed and the maximum error. Consequently, the method used in this research was shown to be useful in the following ways.
(1) By comparing the speed and accuracy performance using the two-dimensional representation of speed and error, it is possible to evaluate and compare the speed and accuracy performance of multiple CNC machine tools. (2) By introducing a cylindrical surface with a rotary axis and a linear axis and the expanded plane thereof, it is possible to evaluate the high speed and high accuracy performance of the rotary axis and linear axis of the CNC machine tools. (3) The test cases of polygons can be used for evaluating the high-speed and high-accuracy performance of CNC machine tools through the two-dimensional representation of speed and error. 
